Abstract Aims/hypothesis: Dysfunction in mitochondrial oxidative phosphorylation plays a central role in insulin resistance and type 2 diabetes. Nuclear respiratory factor 1 (NRF1) is a transcription factor that acts on nuclear genes encoding respiratory subunits and components of the mitochondrial transcription and replication machinery. Thus, we investigated its genetic association with type 2 diabetes. Methods: The NRF1 gene was sequenced to identify polymorphisms in 24 Korean DNA samples and then common variants were genotyped in 766 patients with type 2 diabetes and 303 non-diabetic subjects. Results: Twelve single nucleotide polymorphisms and one insertion/deletion polymorphism were identified. Six common variants among them were genotyped in a larger study. Although three individual polymorphisms appeared to be associated with type 2 diabetes (g.−46350insdel A, g.+ 141G>T and g.+54529A>G), the effects were only marginal. However, a haplotype (H2) was associated with a decreased risk of type 2 diabetes and another haplotype (H4) was associated with an increased risk of type 2 diabetes (p values for the Haplo.Score test were 0.009 and 0.004, respectively). Conclusions/interpretation: We demonstrated that two common haplotypes of NRF1 gene are associated with type 2 diabetes in the Korean population.
Introduction
Insulin resistance in the skeletal muscle of insulin-resistant offspring of type 2 diabetic patients is associated with decreased mitochondrial phosphorylation, which might be an inherited defect in mitochondrial oxidative phosphorylation [1] . Furthermore, age-associated insulin resistance also could be attributable to an age-associated reduction in mitochondrial oxidative phosphorylation capacity [2] . Therefore, dysfunction in mitochondrial oxidative phosphorylation might play an important role in the pathogenesis of insulin resistance and type 2 diabetes.
It has been suggested that the oxidative phosphorylation and electron transport chain system in mitochondria rely on the functional interplay of gene products expressed from both nuclear and mitochondrial genomes [3] . Since mitochondrial DNA encodes only 13 subunits of ∼100 structural subunits of respiratory proteins and ATP synthase in the human mitochondria, the nucleo-mitochondrial interaction is essential to maintain normal cellular function [4] . Using microarray data, Patti et al. [5] and Mootha et al. [6] independently observed that the genes of oxidative metabolism regulated by nuclear-encoded proteins are coordinately reduced in the skeletal muscle of human subjects with insulin resistance or diabetes, which is in line with the fact that mitochondrial oxidative metabolism is crucial in maintaining normal insulin sensitivity and normal glucose metabolism [1, 2] . Interestingly, those genes downregulated in insulin resistance or diabetes are under the control of nuclear respiratory factor 1 (NRF1) and peroxisome proliferator-activated receptor γ-coactivator 1 (PGC1) [5, 6] . Among them, NRF1 (Gene map locus 7q32; OMIM# 600879) is a transcription factor that acts on nuclear genes encoding respiratory subunits and components of mitochondrial transcription and replication machinery [7, 8] . NRF1 binds to and activates the promoters of many genes of the mitochondrial electron transport system such as cytochrome c, NADH dehydrogenase subunit 8, some cytochrome oxidase subunits, some ATP synthase subunits, mitochondrial transcription factor A (TFAM), and so on (reviewed in [9] ). There is a growing body of evidence that links NRF1 physiologically to glucose metabolism. Aerobic exercise increases NRF1 expression in skeletal muscle [10] and muscle-specific overexpression of human NRF1 in transgenic mice increases glucose transport capacity in skeletal muscle by increasing glucose transporter 4 expression [11] . NRF1 mRNA expression in human skeletal muscle is decreased in diabetes and inversely correlated with fasting glucose [5] . In this regard, NRF1 is an attractive candidate gene for type 2 diabetes. However, to the best of our knowledge, there is no study on the association between NRF1 polymorphism and type 2 diabetes. Thus, in this study, we examined the genetic association between NRF1 and type 2 diabetes.
Subjects and methods

Subjects
For initial sequencing, 24 Koreans were randomly selected from unrelated local residents without any history of familial diseases. With 24 samples, one can expect to identify more than 90% of polymorphisms with a frequency greater than 0.05 [12] . Subsequently, we studied 766 unrelated patients with type 2 diabetes from the Diabetes Clinic of Seoul National University Hospital (age: 59±10 years, 357 men, 409 women) and 303 non-diabetic control subjects (age: 65±4 years, 139 men, 164 women). The age of onset of diabetes was 50±10 years. All subjects enrolled in this study were of Korean ethnicity. Type 2 diabetes was diagnosed according to World Health Organization criteria [13] . Subjects with positive GAD antibodies were excluded. Selection of the non-diabetic control subjects was according to the following criteria: 60 years or older, no past history of diabetes, no diabetes in first-degree relatives, a fasting plasma glucose concentration of less than 6.1 mmol/l, and an HbA 1 c value of less than 5.8%. This study was carried out in accordance with the Declaration of Helsinki as revised in 2000 (http://www.wma.net/e/policy/ 17cnote.pdf).
The Institutional Review Board of the Clinical Research Institute in Seoul National University Hospital approved the study protocol and written informed consent for genetic analysis was obtained from each subject.
All study subjects were examined in the morning after an overnight fast. Height, weight, circumferences of waist and hip and blood pressure were measured. Blood samples were drawn for biochemical measurements (fasting plasma glucose, fasting plasma insulin, HbA 1 c, total cholesterol, triglyceride and HDL-cholesterol) and DNA extraction.
Sequencing analysis of the human NRF1 gene
We sequenced all exons, including exon-intron boundaries and promoter region (∼1.5 kb), to discover polymorphisms in 24 Korean DNA samples using the ABI PRISM 3700 DNA Analyzer (Applied Biosystems, Foster City, CA, USA). Seventeen primer sets for the amplification and sequencing analysis were designed based on GenBank sequences (NM_005011). Information regarding the primers is available at http://www.snp-genetics.com/reference/ NRF1_add_info.doc. Sequence variants were verified by chromatograms.
Genotyping with fluorescence polarisation detection
For genotyping of polymorphic sites, amplifying primers and probes were designed for TaqMan. Primer Express (Applied Biosystems) was used to design both the PCR primers and the MGB TaqMan probes. One allelic probe was labelled with the FAM dye and the other with the fluorescent VIC dye. PCRs were run in a TaqMan Universal Master mix without UNG (Applied Biosystems) with PCR primer concentrations of 900 nmol/l and MGB TaqMan probe concentrations of 200 nmol/l. Reactions were performed in a 384-well format in a total reaction volume of 5 μl using 20 ng genomic DNA. The plates were then placed in a thermal cycler (PE 9700; Applied Biosystems) and heated at 50°C for 2 min and 95°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. The TaqMan assay plates were transferred to a Prism 7900HT instrument (Applied Biosystems) where the fluorescence intensity in each well of the plate was read.
Fluorescence data files from each plate were analysed by automated software (SDS 2.1). Genotyping quality control was performed in 10% of samples by duplicate checking (rate of concordance in duplicates >99%). The genotype success rate was >97.5%. Information regarding the primers is available on our website http://www.snp-genetics. com/reference/NRF1_add_info.doc.
Statistical analyses
We used chi-square tests to determine whether individual polymorphisms were in Hardy-Weinberg equilibrium. Logistic regression analyses were used for calculating odds ratio (ORs), 95% CIs and corresponding p values, controlling for age, sex and BMI as covariates. Genotypes were given codes of 0, 1 and 2 and 0, 1 and 1 or 0, 0 and 1 in the additive, dominant or recessive models, respectively. In the additive model, the OR was expressed per difference in number of rare allele. Multiple regressions, whilst adjusting for age and sex, were used for association analyses of diabetes-related phenotypes. Haplotype associations were also estimated using Haplo.Score (http://www.biostat.wustl. edu/genetics/geneticssoft), which imputes score statistics to test associations between haplotypes and a wide variety of traits, including binary, ordinal, quantitative and Poisson [14] . This software provides several haplotype-specific tests for association, as well as adjustment for non-genetic covariates and computation of simulation p values, using the assumption that all subjects are unrelated and that haplotypes are ambiguous due to unknown linkage phases of the genetic markers. To predict putative transcription factor binding sites, we used MatInspector (http://www.genoma tix.de/products/MatInspector/index.html) [15] . A p value of less than 0.05 was considered statistically significant.
Results
Identification of polymorphisms in the NRF1 gene
In this study, the NRF1 gene including all exons, ±50 bp exon-intron boundaries and the −1,500 bp 5′-flanking region were sequenced in 24 Korean DNA samples and 12 single nucleotide polymorphisms (SNPs) and one insertion/ deletion polymorphism were identified (Fig. 1a) . Five variants were in the 5′ region: g.−46656G>A, g.−46568G> A, g.−46350insdel A, g.−46185G>C, and g.−45903C>T. Two SNPs were found in the exons, where both predicted silent substitutions: g.+141G>T in exon 2 encoding 47Ser and g.+33162C>T in exon 5 encoding 191Asp. Three SNPs were in introns: g.+14382T>C, g.+54529A>G, and g.+59745A>G.
And three SNPs were in the 3′-untranslated region (UTR) (g.+97884G>A, g.+97893G>T and g.+ 98560A>G). By pair-wise linkage analysis, we have found that five sets of SNPs (g.− 46568G>A : g.− 46185G>C, g.− 46568G>A : g.−45903C>T, g.−46185G>C : g.−45903C>T, g.+141G>T : g.+54529A>G, g.+14382T>C : g.+97893G>T) were in absolute linkage disequilibrium (LD) (LD D′=1 and r 2 =1) (see Fig. 1a ). Among identified polymorphisms, six common variants (g.− 46568G>A, g.− 46350insdel A, g.+ 141G>T, g.+33162C>T, g.+54529A>G and g.+59745A>G) were selected for larger scale genotyping. The LD patterns did not show a break among SNPs genotyped (all D′s are >0.9, see Fig. 1b ). Genotype distributions of all loci in NRF1 were in Hardy-Weinberg equilibrium (p>0.05). 
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LDs among NRF1 polymorphisms Genotype distributions are shown as number (%). Odds ratios (ORs), 95% CI, and p values were from logistic regression analyses with additive, dominant, and recessive models controlling for age, sex and BMI as covariates. In additive models, ORs are expressed per difference in number of rare alleles. p values were not corrected for multiple comparisons (18 tests) a Statistical powers calculated with the given OR of additive model, frequency and subject numbers at a significance level of 0.05 ceptible haplotype H4, two polymorphisms (g.+141G>T and g.+54529A>G) were regarded as the determinants modifying the risk of type 2 diabetes, although their individual effect was modest, as shown in Table 1 .
Association with diabetes-related phenotypes
For the association analyses of the diabetes-related phenotypes, only non-diabetic subjects were used because, in diabetic subjects, treatment of diabetes might have affected those parameters. However, analyses of fasting plasma glucose, homeostasis model assessment of insulin resistance, waist circumference, BMI, total cholesterol, triglyceride and HDL-cholesterol did not reveal any strong associations with genotypes or haplotypes when adjusting for multiple comparisons (data not shown). Also, there were no strong associations between the diabetes-related phenotypes and the protective haplotype H2 or the susceptible haplotype H4 (Table 3 ).
Discussion
In this study, we demonstrated that two common haplotypes of the NRF1 gene are associated with type 2 diabetes in the Korean population. To the best of our knowledge, this is the first study to demonstrate that NRF1 polymorphisms are associated with type 2 diabetes. However, we did not find any association with diabetes-related phenotypes. Before concluding that the polymorphisms in NRF1 really are associated with the risk of type 2 diabetes, this result should be replicated. At this time, we can only speculate on the mechanism linking genetic variations of NRF1 to the susceptibility for type 2 diabetes. Although the nucleotide position −46,350 Alleles regarded as the determinants modifying susceptibility to type 2 diabetes after examining the allelic differences between the protective (H2) and susceptible (H4) haplotypes was predicted as 3′-flanking site of the FOXC1 consensus sequence, haplotype analysis revealed that the −46,350A variant was neutral to the risk of type 2 diabetes in that it appeared both in protective (H2) and in susceptible (H4) haplotypes. Similarly, comparing the elements of H2 and H4, two polymorphisms (g.+141G>T and g.+54529A>G) were regarded as the determinants modifying the susceptibility to type 2 diabetes. However, their individual association with type 2 diabetes was only modest. Moreover, g.+141G>T is a synonymous substitution and g.+54529A>G is located in intron. It is possible that these polymorphisms did not reach a robust association with type 2 diabetes in this study because the sample size was too small to identify such a modest genetic effect. Since all genotyped loci were in a single LD block, it is unlikely that we failed to detect a disease association due to any polymorphism within this region that was not covered in genotyping. However, it is possible that the polymorphism(s) upstream from the promoter region sequenced by us or the gene(s) in the same or nearby locus of NRF1 could have an influence on susceptibility to type 2 diabetes. Type 2 diabetes is a multifactorial disease and influenced by gene-gene and gene-environment interactions [16] [17] [18] . Of note, there are interactions among PGC1, NRF1 and TFAM in the biogenesis and maintenance of normal function of mitochondria [9, 19, 20] . Recently, evaluation of high-order gene-gene interactions has become possible, thanks to newly developed methods such as multifactor dimensionality reduction [21] [22] [23] . The examination of gene-gene interactions among PGC1, NRF1 and TFAM would help reveal the genetic link between mitochondrial oxidative phosphorylation and type 2 diabetes.
In conclusion, haplotypes of the NRF1 gene, which regulates mitochondrial oxidative phosphorylation, are associated with type 2 diabetes in the Korean population and this association should be tested in other different populations for replication.
